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  R-symmetry 

  Explicitly broken by trilinear soft terms in the Higgs sector.

  Pecci-Quinn (PQ) symmetry 

  Explicitly broken by cubic term and its correspondent soft SUSY-breaking 
term in the Higgs sector. 

  Three CP-even mass eigenstates (h1, h2, h3) and two CP-odd ones (a1, a2)

  In the symmetry limits, ma1 << EW scale (pseudo - Goldstone boson) 4

Two Approximate Global Symmetries in the NMSSM 

Hu → Hu exp(iφR), Hd → Hd exp(iφR), N → N exp(iφR)

Hu → Hu exp(iφPQ), Hd → Hd exp(iφPQ), N → N exp(−2iφPQ)

Vsoft = m
2
Hd

|Hd|2 +m
2
Hu

|Hu|2 +m
2
N
|N |2 − (λAλHuHdN + h.c.) +

�κ
3
AκN

3 + h.c.
�WNMSSM = YUQHuU

c − YDQHdD
c − YELHdE

c + λNHuHd +
1

3
κN3
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Old Story

  Almost all old studies were focused on the R-symmetry limit (B. A. 
Dobrescu et al., Phys. Rev. D 63 (2001); R. Dermisek et al., Phys. Rev. 
Lett. 95 (2005))  

  a1 is light << EW scale (pseudo - Goldstone boson);   

  h1 is the SM-like Higgs boson; 

  h1 -> a1a1 -> 4 fermions is typically dominant, allowing h1 to be as light as 

below 100 GeV and hence relaxing the little hierarchy tension    

  Dark matter candidate (chi1) is typically of EW scale
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What is the ``Dark Light Higgs’’ Scenario?

Nearly PQ limit: kappa/lambda -> 0, 
A_kappa -> 0 

+ Moderate or small lambda: lambda < or ~ 0.1

P. Draper, T.L., C. Wagner, L.T. Wang and H. Zhang, Phys. Rev. Lett. 106 (2011)

Thursday, September 1, 2011



Tao Liu (UC@Santa Barbara)                                                          Dark Light Higgs

7

Mass of the Lightest Higgs Scalar

m2
h1

≈ −4ε2v2 +
4λ2v2

tan2 β
+

κAκµ

λ
+

4κ2µ2

λ2

ε =
λµ

mZ

�
Aλ

µ tanβ
− 1

�

∆m2
h1

≈ λ2µ2

2π2
log

µ2 tan3 β

m2
Z

  Tree-level contribution

with                                   being a measure of the deviation of the soft 

parameter A_lambda from mu*tan_beta 

   Loop correction

   Vacuum stability sets a small upper bound  

ε2max ≈ 1

4v2

�
4λ2v2

tan2 β
+

κAκµ

λ
+

4κ2µ2

λ2
+

λ2µ2

2π2
log

µ2 tan3 β

m3
Z

�

   mh1^2 is generically small                                 
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Mass of the Lightest Higgs Scalar (cd.)

(NMSSMTools 2.3.1 + MicrOMEGAS 

λ < 0.15, κ/λ < 0.03, µ < 250GeVλ < 0.30, κ/λ < 0.05, µ < 400GeV

5 � tanβ � 50, 0.05 � λ � 0.5, 0.0005 � κ � 0.05,−0.8 � ε� � 0.8, − 40GeV � Aκ � 0, 0.1TeV � µ � 1TeV

  No point for an epsilon far away from 0  -- vacua are not stable!

  Blue and red points have a mass range 0.1 ~ 10 GeV -- the ``DLH’’ scenario.

P. Draper, T.L., C. Wagner, 
L.T. Wang and H. Zhang, 
Phys. Rev. Lett. 106 (2011)
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Mass of the Lightest Higgs Pseudoscalar and Neutralino

  A light CP-odd Higgs a1

  A light lightest neutralino chi1

mχ1 ≈ λ2v2

µ
sin 2β +

2κµ

λ

m2
a1

≈ −3κAκµ

λ

h2 ∼ hu + hd cotβ − 2εvmZ

m2
Z + µ2

hn

  h2 is SM-like 

  Lambda is not large, => h1, a1 and chi1 
are singlet-like or singlino-like 

  Comparison: in the R-symmetry limit, 
h1 and chi1 are typically not so light 
and h1 is SM-like 
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A Novel Supersymmetric Light DM Scenario ! 

χ1 χ1

hi

N N

χ1 χ1

q̃

N NσSI ≈

��
ε

0.04

�
+ 0.46

�
λ
0.1

� �
v
µ

��2 �yh1χ1χ1
0.003

�2

� mh1
1GeV

�4 × 10−40cm2

a t-channel process is dominant in spin-
independent direct-detection => xection be 
strongly enhanced by a small mh1
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Breit-Wigner Effect => Right Relic Density

4

FIG. 4: Contours of σSI (top-left), Ωh
2 (top-right), mh1 (left-

bottom) and δvχ1→0 (right-bottom) from scans over µ and

tanβ, with λ = 0.12, κ = 2.7×10−3, ε� = 0.15 and Aκ = −24
GeV.

The χ1 relic density is largely controlled by the a1-
mediated s-channel process χ1χ1 → ff̄ . The annihila-
tion cross section is

σff̄vχ1 ≈
3| ya1χ1χ1 ya1ff |2(1−m2

f/m
2
χ1
)1/2

32πm2
χ1

�
δ2 +

���Γa1ma1
4m2

χ1

���
2
� (10)

where ya1χ1χ1 ≈ −i
√
2κ and δ ≡

����
1

1−v2
χ1

/4 − m2
a1

4m2
χ1

����, with

vχ1 denoting the relative velocity of the two χ1s. δvχ1→0

reflects the deviation of 2mχ1 from the a1 resonance. In
the typical case ma1 > 2mχ1 > 2mb, the relic density is

Ωh2 ≈
0.1

� ma1
15GeV

� � Γa1
10−5GeV

� �µ
v

�2 � 0.003
ya1χ1χ1

�2 �
0.1
λ

�2

erfc
�

2mχ1
ma1

�
xfδvχ1→0

�
/erfc (2.2)

(11)

where xf = mχ1/Tf is the freeze-out point. As a measure
of thermal suppression, δvχ1→0 enters the complementary
error function obtained from the integral over the Boltz-
mann distribution. The inverse dependence of Ωh2 on
δvχ1→0 is shown in the right panels of FIG. 4. Its sensi-
tivity to µ is mainly through δvχ1→0, as mχ1/ma1 ∝ √

µ
for tanβ >∼ 5. As µ increases, 2mχ1 approaches ma1

from below, and δvχ1→0 decreases rapidly. Our scenario
requires δvχ1→0 ≈ 0.30− 0.35 to achieve the correct relic
density, which can be controlled by Aκ through ma1 . For
the required range of δvχ1→0, Aκ ≈ −3.5mχ1 .

Finally, a benchmark point corresponding to the
starred point in FIG. 2 and FIG. 3 is given in Table I.

Note added: While this work was in preparation, [15]
and [16] appeared. [15] considers a more general super-

λ κ(10−3) Aλ(10
3) Aκ µ tanβ mh1

0.1205 2.720 2.661 -24.03 168.0 13.77 0.811
ma1 mχ1 mh2 Brhh Braa Ωh2 σSI(10

−40)
16.7 7.20 116 0.158% 0.310% 0.112 2.34

TABLE I: Benchmark point. We use the units cm2 for σSI and
GeV for dimensionful input parameters, and denote Br(h2 →
h1h1) as Brhh and Br(h2 → a1a1) as Braa. Soft sfermion and
gaugino parameters are as given in the caption of FIG. 1.

potential, sacrificing the solution to the µ-problem, and
they also work far from the PQ-limit. They report that
at least some of their parameter space is ruled out al-
ready at the 2.5σ level by Tevatron Higgs searches. In
this letter, we found that in a parameter space different
from the one studied in [15, 16], the NMSSM can realize
the CoGeNT + DAMA/LIBRA favored regions [12, 13]
for light singlino DM, and need not violate current limits
from LEP, the Tevatron, and Υ- and flavor physics.
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Ñ

Ñ
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No Strong Constraints from Cosmic Ray Exps.
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  Bounds from indirect searches, e.g., Proton spectrum (O. Adriani etc., 
Nature Vol 458 607 (2009); O. Adriani etc., Phys Rev Lett 105, 121101 
(2010)); gamma ray spectrum (Fermi LAT Collaboration, Phys Rev Lett 
104, 101101 (2010))

Resonance region (red solid line): dark matter particles in this 
region has a  delta ~ 0, maximizing their annihilation
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0.05 � λ � 0.15, 0.001 � κ � 0.005,

|ε�| � 0.25, − 30GeV � Aκ � −15GeV,

5 � tanβ � 50, 100GeV � µ � 250GeV

0.09 � Ωh2 � 0.13

Numerical Results

  All points have passed the 
current exp. bounds of flavor 
physics, meson decays, and 
collider exp.

  The blue points fall in a 3 sigma 
range of the observed relic density.

  Their Sigma_SI can be as large 
as above 10^{-40} cm^2
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  ``One thing we know for sure: such large cross sections can not be 
realized within the MSSM’’, Kathryn Zurek, PCTS Workshop, ``Dark 
Matter: Direct Detection and Theoretical Developments’’, Princeton, 
Nov. 2010 

  ``If COGENT excess were caused by Dark Matter, we would know 
only one thing : Within the NMSSM, we would know that the Dark 
Matter is not singlino-like. The cross section is simply too small’’, 
Ulrich Ellwanger, Plenary Talk, SUSY 2010     

  ``After imposing LEP and B-physics constraints the lightest 
neutralino is always bino-like and elastic cross sections as large as 
required by CoGeNT and DAMA/LIBRA are not possible in the 
NMSSM.’’, J. F. Gunion et. al., arXiv:1009.2555 [hep-ph]

Why Is This Supersymmetric Light DM Scenario Special ? 

Thursday, September 1, 2011
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The War in Dark Matter World

DAMA
CoGeNT
...

CDMS
XENON
...

(1) Changes the idea that supersymmetry is incompatible with a light (~ O(1) 
GeV) DM scenario characterized by a large xection of spin-independent 
direct-detection (10^{-40} cm^2), without violating current exp. bounds

(2) Provides a supersymmetric light DM scenario accessible to the current 
direct detections or the ones in the near future 
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Searching for Light Higgs Pair Decays of a SM-like Higgs Boson

486 The OPAL Collaboration: Search for a low mass CP-odd Higgs boson in e+e− collisions

e+

e−

Z0, γ

Z0

h0

A0

A0

c̄, g, τ−

c, g, τ+

c̄, g, τ−

c, g, τ+

ν̄, e+, µ+

ν, e−, µ−

Fig. 1. The Feynman diagram for the processes considered in
this analysis

centre-of-mass energy in each data subsample described in
Sect. 2.

We study only h0Z0 production since, in the parame-
ter space region of interest for our analysis, its cross-sec-
tion is about ten times larger than that for h0A0 pro-
duction in the MSSM. The h0 is forced to decay into two
A0 bosons, h0 → A0A0, and each A0 can decay into any of
the following channels: cc̄, τ+τ− and gg. Resonances are
not included in the simulation of A0 decays and all decay
channels of the τ are used. For example, in the MSSM
no-mixing scenario, for 3.3 GeV/c2 < mA < 9.5 GeV/c2,
the A0 branching fractions into cc̄ and τ+τ− are 0.5-0.9
and 0.4-0.05, depending on the value of tanβ. Below the
τ+τ− threshold, the A0 decays nearly exclusively into a
gluon pair. Two different Z0 decay modes are investigated:
Z0 → νν̄ and Z0 → $+$− with $ =e or µ. For each of the
Z0 decay modes, the six final states obtained by all possi-
ble combinations of the A0 decays to gg, cc̄ and τ+τ− have
been analysed. In the no-mixing MSSM scenario below the
production threshold for bb̄, these final states account for
between 75% and 100% of the total decays of the A0 bo-
son [17]. The corresponding Feynman diagram is given in
Fig. 1.

Monte Carlo samples were generated with mA=2, 4, 6,
9 and 11 GeV/c2 and for mh = 45, 60, 70, 80, 86 GeV/c2

at each of the four centre-of-mass energies considered. For
each [mA, mh] combination and each Z0 decay channel
studied, we produced 3000 events for each of the six pos-
sible final states using the HZHA2 [18] generator and the
full OPAL detector simulation [19].

The branching fraction BR(h0 → A0A0) is relatively
constant for mA in the range of 1 to 11 GeV/c2 for a given
value of mh. The e+e− → h0Z0 production cross-section
does not depend strongly on mh in the range 45 ≤ mh ≤
86 GeV/c2 but increases with increasing tanβ values.

Monte Carlo simulations are also used to study the var-
ious Standard Model background processes. The 2-fermion
events, e+e− → qq̄, are simulated with the KK2f genera-
tor using CEEX [20] for the modelling of the initial state
radiation and PYTHIA 6.125 [21] for the fragmentation
and hadronisation processes. Bhabha events are gener-
ated with the BHWIDE [22] and TEEGG [23] genera-
tors, e+e− → µ+µ− and e+e− → τ+τ− events are sim-
ulated with the KK2f generator using CEEX and ISR-
FSR interference. The 4-fermion samples are generated
with grc4f [24] for the $$$$, $$qq̄, $νqq̄, ννqq̄ and qq̄qq̄
channels, where $ = e, µ, τ . One 2-photon sample gen-
erated at 200 GeV is used for centre-of-mass energies of

189, 196 and 200 GeV and the resulting cross-sections nor-
malised according to the centre-of-mass energy. An inde-
pendent sample is used at 206 GeV. The various 2-photon
processes are modelled by the Vermaseren [25], HERWIG
[26], Phojet [27] and F2GEN [28] generators. Typically, at
each centre-of-mass energy, the generated 4-fermion and
2-fermion samples are 30 times larger than the data sam-
ple, and the 2-photon sample is two to ten times larger
than the data.

4 Event selection

In the low A0 mass region covered by this search the sep-
aration between the decay products of the A0 tends to
be small, and they are generally reconstructed as a single
jet. The final event topology consists of two jets recoiling
against the Z0 decay products. The invariant mass of a
single jet reproduces the mass of the A0 while the mass
of the combined two-jet system reproduces the mass of
the h0. A mass resolution between 0.5 and 3.0 GeV/c2

is achieved for mA, while for mh the resolution is about
8–16 GeV/c2, all depending on the Z0 decay mode and
the Higgs boson masses.

We perform three separate analyses based on three dif-
ferent Z0 decay channels: Z0 → νν̄, µ+µ− and e+e−. The
event selection criteria are described in detail in the next
two sections. After this initial selection, a likelihood vari-
able is constructed for each channel to increase the sensi-
tivity. This likelihood variable is used to perform a scan
and set limits. The same selection is used for all A0 decay
channels.

4.1 The Z0 → νν̄ channel

Events in the process h0Z0 → A0A0νν̄ are characterised
by two jets recoiling against an invisible Z0. Each event is
forced into a two-jet topology using the Durham algorithm
[15] and a 1-constraint kinematic fit is performed, requir-
ing energy and momentum conservation and forcing the
missing mass to be equal to mZ. Background from cosmic
ray events is removed by requiring at least one track per
event and applying the two cosmic-ray vetoes described in
[29] and [30]. The visible invariant mass is also required
to exceed 5 GeV/c2 to match a corresponding cut used in
the generation for the 2-photon MC samples. This cut has
no effect on this analysis since it is far from the region of
interest for the signal.

The selection criteria used to search for h0Z0 → A0A0

νν̄ are mainly based on event shape variables and recon-
structed masses. The first four preselection cuts guaran-
tee general data quality, confinement within the detector
region and rejection of 2-photon background. The other
more specific selection criteria aim mostly at rejecting the
other backgrounds. The cuts used are described below:
1. The fraction of total visible energy in the forward de-

tectors must be less than 60%, the event transverse
momentum measured w.r.t. the beam axis must ex-
ceed 3 GeV and the visible energy of the event must
exceed 20% of the centre-of-mass energy.

  Motivated by the studies in the R-
symmetry limit

  LEP searches: (1) (h -> aa)a -> 6b (S. 
Schael et al. [ALEPH, DELPHI, L3, and 
OPAL Collaborations], Eur. Phys. J. C 47
(2006); S. Schael et al. [ALEPH 
Collaboration], JHEP 1005 (2010)); (2) Z-
associated Higgs production, with Z 
leptonically decayed (S. Schael et al. 
[ALEPH Collaboration], JHEP 1005 (2010); 
G. Abbiendi et al. [The OPAL 
Collaboration], Eur. Phys. J. C 27,  (2003)). 

h2

h1, a1

h1, a1

µ−, τ−

µ+, τ+

µ−

µ+

  Tevatron searches: h_SM -> a1a1, 
h1h1 -> 4 mu, 2 mu 2 tau (V. M. 
Abazov et al. [D0 Collaboration], 
Phys. Rev. Lett. 103 (2009))
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Story in the DLH Scenario

  Such decays are kinematically allowed in the DLH scenario

  Leading-order couplings between h2 and h1h1, a1a1 are generically 
suppressed 
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Story in the DLH Scenario

  Such decays are kinematically allowed in the DLH scenario

  Leading-order couplings between h2 and h1h1, a1a1 are generically 
suppressed 

We convert the 2mu2tau 
constraints to 4mu constraints, 
using the relation

BR(h1 → 2τ) = BR(h1 → 2µ)

×
�

mτ
mµ

�2
�

1−4m2
τ /m2

h1
1−4m2

µ/m2
h1

�3/2
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Q1: How Does the SM-like Higgs Decay ?

  b bar mode becomes dominant sometimes, but not generic. 

  As long as kinematically allowed, h2 -> chi_1 chi_2 becomes dominant (chi2 is 
bino-like)

  Not very hard because chi1 is light 

  h2 with a mass ~100 GeV is allowed; stop quark mass can be below 300 GeV 
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Decay Topology of a SM-like Higgs Boson

h2

χ̃1

χ̃2

χ̃1

h
1 , a

1

f

f̄

On-shell resonance
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Q2: How to Search for the SM-like and the light Higgs Bosons ?

  The non-standard decays will necessarily change the searching strategies 
of both the SM-like (h2) and the light Higgs bosons (a1, h1)

  For the searches of a SM-like Higgs boson 

           h2 -> chi1 + chi2, with chi2-> chi1 + h1, a1. 

Multiple possibilities - how h2 is produced? + how h1, a1 are decayed? (In 
progress, T.L., J.R. Huang, S.F. Su, L.T. Wang, C. Wagner and F. Yu)  

  A complementary way - searching for light Higgs bosons directly, in 
supersymmetric cascaded decays (In progress, S.F. Su, T.L.,Wang and C. 
Wagner) 
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Some Preliminary Results at the 7 TeV LHC

  One example: pp -> w h2, w -> mu 
vmu and h2 -> 2chi1 + h1, h1-> mu mu 

  Dominant background: w + photon*
  Two useful cuts: (1) missing energy 

cut, (2) mass window cut 
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 What is the ``Dark Light Higgs’’ Scenario

 Supersymmetric Light Dark Matter

 Non-standard Higgs Physics

 Conclusions
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• A benchmark scenario (DLH) in the NMSSM possessing novel 
Higgs and DM properties

• The lightest Higgs scalar and pseudoscalar and the lightest 
neutralino are light, all of order 10 GeV or below

• Provides a supersymmetric light DM scenario characterized by 
large spin-independent direct detection xection 

• h2 is SM-like, whose light Higgs pair decays are generically 
suppressed. However. Supersymmetric non-standard decays 
become dominant more often. 

• Searching strategies of both the SM-like and the light Higgs 
bosons need to be dramatically changed.

• Interesting implications for electroweak phase transition in the 
early Universe (see Nasheen R. Shah’s talk after me)  

Conclusions
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  Collider (LEP + Tevatron) 
(1) Direct searches for new particles at LEP;
(2) Direct searches for new particles at the Tevatron;
(3) Electroweak precision observables;
(4) muon anomalous magnetic moment
......

  Flavor physics and meson decay:
(1) Constraints from B-system;
(2) Constraints from K-system;
(3) Constraints from charm system;
(4) Upsilon decays
......

  Cosmology:   
(1) Dark matter relic density;
(2) Dark mater direct detection;
(3) Dark matter indirect detection, cosmic rays;
(4) Big bang nucleosynthesis, Cosmic Microwave Background Radiation
...... 27

Long List of Experimental Constraints
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• |ηµ± | ≤ 2.4, PTµ± ≥ 5GeV ;
• |ηµ3| ≤ 2.4, PTµ3 ≥ 5GeV ;
• MET ≥ 30GeV ;
• 0.9GeV ≤M(µ+, µ−) ≤ 1.1GeV.
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Cut Flow
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``a’’ denotes soft parameters and mu parameter at GUT scale
(G. Kane and S. King, Phys.Lett.B451 (1999))

Preliminary figure. T.L., C. Wagner 
and Z. Hao. In progress

 R. Dermisek and J. Gunion, 
Phys.Rev.Lett.95 (2005)

Quantitatively Description
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